Gómez Lozano, V.; Rubio Michavila, C.; Candelas Valiente, P.; Belmar Ibáñez, F.; Uris Martínez, A. (2015). Abstract -The design and use of small apertures perforated in opaque plates to control the transmission of ultrasonic waves has been widely studied in recent years. The ultrasonic transmission response of brass plates perforated with Archimedean patterns of subwavelength hole arrays immersed in water is reported, both numerically and experimentally, in this work. It is shown that an increase in the geometrical isotropy of the elementary cells of the Archimedean patterns gives rise to a suppression of both minimum and maximum transmission corresponding to the destructive and constructive interferences, leading to uniformity within the angle-dependent transmitted sound power coefficient. The experimental results are in close agreement with the calculated ones. This property can be used to design ultrasonic devices such as filters and sensors.
Introduction. -The extraordinary optical transmission through metal film perforated with a periodic array of subwavelength holes was reported by Ebbesen et al. [1] in 1998. Since then, the phenomenon of extraordinary optical transmission has been intensively studied both theoretically and experimentally due to the potential applications that could be developed [2] . The findings for electromagnetic waves were transferred to acoustic waves motivated by the nature of the waves regarding light and sound. In recent years, the study of acoustic transmission through subwavelength apertures has received considerable attention and has been investigated both theoretically and experimentally.
The extraordinary acoustic transmission was first suggested theoretically [3] and later experimentally confirmed for a grating of subwavelength slits [4] and a twodimensional hole array [5] with the Fabry-Perot resonances inside the holes being the main contribution to the transmission peaks. Theoretical results for subwavelength slits and square hole arrays in the rigid solid limit was also reported [6] . Apart from the extraordinary acoustic transmission, perforated plates with subwavelength holes arrays exhibit higher attenuation than predicted by the mass law [7] , due to the Wood anomalies [8] . It was demonstrated that there was an interplay between Fabry-Perot resonances inside the holes, lattice resonances in periodic arrays and elastic Lamb modes on the ultrasonic transmission perforated plates with subwavelength holes inmersed in water [9] . The investigations on acoustic transmission through subwavelength apertures restricted to plates perforated with periodic arrays of apertures showed that the geometrical parameters of the hole array are important in the ultrasonic transmission through perforated plates [10] [11] [12] . Recently, many phenomena regarding the extraordinary acoustic transmission through subwavelength hole arrays have been demonstrated [13] [14] [15] [16] [17] The acoustic transmission through a plate perforated with a periodic array (or semiregular tilings) of subwavelength apertures [18] showed strong resonant transmissions that were attributed to the coherent diffraction by the long-range order of the quasiperiodic structure. It was also studied on a plate with quasiperiodic surface corrugations [19] .
In this letter, we studied the ultrasound transmission through plates perforated with Archimedean patterns of subwavelength holes. Archimedean tilings are constructed from regular convex polygons arranged identically around each vertex and the plane is tessellated by these polygons. the traditional Bravais lattice [20] . To denote the shape and number of polygons around each identical vertex, the mathematical Grnbaum-Shephard [21] notation is used. A set of integers (n1, n2, n3, ) denotes a tiling of a vertex type in the way that n1-gon, n2-gon, n3-gon , meet consecutively on each vertex [22] . The symbol (4, 3, 3, 4, 3) represents a tiling in which a square, two equilateral triangles, a square and a equilateral triangle gather edge to edge around a vertex. Here, we focus our analysis on how, by increasing the geometrical isotropy, that is, the disorder in the elementary cells of the Archimedean patterns, the location and amplitude of the minimum and maximum transmission vary. The variations within the angle-dependent incidence acoustic transmission and their physical origins are analysed and discussed.
Experimental set up. -The experimental set-up is based on the well known ultrasonic immersion transmission technique. This technique makes use of a couple of transmitter/receiver ultrasonic transducers. In our case, a couple of transducers with a central frequency of 250 kHz and a frequency range between 155-350 kHz were used. When a pulse is launched by the emitter piston transducer through the perforated plate, the signal is detected by the receiving piston transducer and acquired by the pulser/receiver, post amplified and digitalised by a digital PC oscilloscope (Picoscope model 3224). The transmission spectrum is calculated as
from the power spectrum of the signal H(ω) normalised with the reference signal power spectrum H 0 (ω) measured without the sample plate. The angle dependent measurements were done in angle steps of ∆θ = 1 0 and comprising 0 0 ≤ θ ≤ 60 0 . The measurements were made using brass plates with 350 mm in width and 450 mm in length (ρ b = 7, 890 kg/m 3 , (c l ) b = 5, 670 m/s, (c t ) b = 3, 230 m/s ) and 2 mm thickness, immersed in water (ρ w = 1, 000 kg/m 3 , (c l ) w = 1, 480 m/s). Five different samples were used. The first one was a standard periodically square distribution of circular holes. A set of three configurations of Archimedean patterns were used. Archimedean tilings were selected in order to increase the disorder in the elementary cells. It is noted that, the disorder in the elementary cells depends on the location of the holes in those cells. The Archimedean tilings used were (4, 3, 3, 4, 3) , (3, 3, 3, 4, 4) and (4, 8, 8) . Finally, a sample with a random distribution of circular holes was considered. The diameter of the holes and the elementary cell dimensions were chosen to be 2.5 mm and 10 x 10 mm, respectively, except in the Archimedean tiling (3, 3, 3, 4, 4) in which the hole diameter was 3 mm and the elementary cell dimensions were 17.18 x 6.29 mm with the aim to obtain structures with similar fractional apertures. In such a way, all the samples were designed to have the same fractional aperture area of about ≈ 20%. Figure 1 illustrates the five different types of samples considered in this work.
Results and discussion. -The transmission sound power was calculated at the hard-solid limit, that is, assuming that the pressure field does not penetrate into the material plate because the water/plate impedance is considered infinite. The sound wave equation
where k is the wave number and φ is the scalar pressure, was solved splitting the space into three regions and expanding the pressure in terms of guided modes inside the hole cavities and using Rayleigh plane wave expansion on both sides of the plate. The solutions inside and outside the holes were matched at the plate surfaces, satisfying the continuity of both the field and its derivative on the hole opening and the vanishing of the normal derivative at the plate surface, resulting in a set of linear equations involving the expansion coefficients inside and outside the plate. The expansion coefficients were expressed in terms of the former and the system was reduced to a linear set of equations that were solved. Detailed expressions of the theoretical model can be found in Ref. [14] . Fig. 2 shows the angle-dependent incidence transmission properties of the Archimedean patterns by calculating the transmitted sound power coefficient, τ , as a function of the normalised incident wave vector k 0 a/π and its component parallel to The plate perforated with a standard periodically square distribution of circular holes (Fig. 2a) shows the Fabry-Perot full transmission at k 0 a/π = 3.3 and the Wood anomaly minimum at k 0 a/π = 4, which is evident when the incidence angle is varied. The fact that the holes are rotated causes an increase of the transmission dips, due to the fact that they depend on the location of the holes within the elementary cell, since the number of holes is the same in both cases (Fig 2a-Fig2b) . In turn, these transmission dips interact with the transmission peak associated with the Fabry-Perot resonance, as shown in Fig.  2b . This increase in the isotropy causes a gradual increase of transmission dips and a decrease in the intensity of the Fabry-Perot resonance. This decrease is due to the incoherent interaction of resonances that occur in each hole. By varying the number of holes and reducing the symmetry of the hole distribution in the elementary cells, we obtain Archimedean tilings (3, 3, 3, 4, 4) (Fig. 1c) and (4, 8, 8) (Fig. 1d) . From Fig. 2c and 2d one can find that the interplay between the minima and maxima present in the spectra is more complex than for standard periodically square distribution and it clarifies the fact that the disorder in the elementary cells results in an increase of minimum transmission and an intensity decrease of the maximum transmission related to the Fabry-Perot resonances. In order to gain more insight through further investigation of this transmission behaviour, we apply the 2D Fast Fourier Transform to the real space lattice to obtain the structure factor of the samples considered. The results are given in Fig. 3a-d . It must be noted that in Archimedean tiling (3, 3, 3, 4, 4) (Fig. 3c) , the lattice constant chosen to represent the geometric structure factor was √ a x · a y = 10.39 mm. It is observed that as the geometrical isotropy of the elementary cells increases, the number of bright points increases too, which corresponds to an increase in the transmission dips or minimum transmission originated from the destructive interferences. The maximum isotropy is achieved with a random distribution of holes. This extreme situation corresponds to a maximum number of transmission dips. In such a way, a broad distribution of bright spots is reached in the reciprocal space (Fig. 3e) .
The angle-dependent incidence transmitted sound power coefficient measured, τ , as a function of the normalised frequency k 0 a/π and the parallel wave vector k a/π, is observed from Fig. 4a-4e . The measurements are in close agreement with the calculated results even though there are some differences between them. The measured transmissions show three kinds of modes interacting with the lattice resonances: S 0 Lamb mode, A 0 Lamb mode and Scholte-Stoneley mode [24] . These modes were not predicted by the calculated results due to the fact that they were carried out with a hard-solid model in which the elastic movement of the plate was not considered. The Scholte-Stoneley mode propagates across the fluid-solid interface and it is not distinguishable in the measurements due to this mode is mixed with the A0 mode, which corresponds to the high transmission region near the angular p-3 V. Gómez-Lozano et al. (4, 8, 8) and (e) random distribution..
limit of the experiment. The measured transmissions show the S 0 Lamb mode interacting with the lattice resonances that were not predicted by the calculated results due to the fact that they were carried out with a hard-solid model in which the elastic movement of the plate coupled with the surrounding fluid was not considered. The limit case corresponds to a perforated plate with random distribution of holes. In this situation a uniformity in the transmission maps is achieved, since the suppression of both the minimum and maximum transmission corresponding to the destructive and coherent interferences occurs (Fig. 4e) .
The results show that, as the disorder in the elementary cells increases, the cooperative effect in the transmission of the holes becomes complicated, so the constructive interference of diffracted waves from different holes in an elementary cell is reduced, leading to a lower transmission and uniformity in the transmission maps.
Conclusions. -Ultrasound transmission through perforated plates with the Archimedean pattern has been studied. The experimental results are in close agreement with the calculated ones. The results show that an increase in the geometrical isotropy of the elementary cells gives rise to an increase of minimum transmission and an intensity decrease of the Fabry-Perot maximum, leading to a homogenisation in the angle-dependent transmitted sound power coefficient. This effect is explained by a reduction in the constructive interference of diffracted waves from different holes in the elementary cells. Therefore, it is possible to achieve transmission maps without pronounced transmission peaks and dips by increasing the geometrical isotropy and this could be applied to design some new types of ultrasonic devices that may meet demands in practical applications. * * * This work has been supported by the Spanish MICINN (MAT2010-16879) and Generalitat Valenciana (PROME-TEOII/2014/026).
